Introduction
============

Gastric cancer is ranked as the fourth most common cancer and the second most common cause of cancer-related deaths worldwide,[@b1-ijn-12-2129] and is most prevalent in Eastern Asia.[@b2-ijn-12-2129] Since most patients with gastric cancer are asymptomatic at the early stages, the disease is often at an advanced stage when identified.[@b3-ijn-12-2129] Previous studies[@b4-ijn-12-2129],[@b5-ijn-12-2129] have demonstrated that systemic chemotherapy for palliation is advisable for this cohort to improve survival. Paclitaxel (PTX) is the most common hydrophobic, chemotherapeutic drug used in gastric cancer treatment,[@b6-ijn-12-2129] but it also exhibits significant adverse effects because of the drug itself and the co-administered solvent.[@b7-ijn-12-2129]

Nanoparticles have been shown to effectively increase chemotherapeutic drug concentration at tumor sites and to decrease systemic exposure.[@b8-ijn-12-2129] The passive accumulation ability of nanoparticles can be attributed to the well-known enhanced permeability and retention effect.[@b9-ijn-12-2129] The nanoparticles can also be engineered to actively accumulate at tumor sites by incorporating targeting ligands on the nanoparticle surface.[@b10-ijn-12-2129] However, the clinical utility of synthetic nanoparticles is significantly limited by their relatively short circulation time[@b11-ijn-12-2129] and by the complexity of producing such actively targeted carriers.[@b12-ijn-12-2129] In addition, passive targeting must overcome the difficulty of heterogeneous and varied tumor vascularization and tumor permeability with different tumor types and stages.[@b13-ijn-12-2129] Furthermore, most synthetic targeting materials are not applicable in the clinic because of their unknown toxicity. Therefore, biomimetic materials are gaining popularity instead.[@b14-ijn-12-2129] Combining synthetic nanoparticles with natural biomaterials to create biomimetic delivery systems is gaining attention as a new engineering strategy.[@b15-ijn-12-2129]--[@b17-ijn-12-2129] The concept of using cells as drug delivery vehicles is rapidly developing.[@b18-ijn-12-2129]--[@b20-ijn-12-2129] The use of natural cellular membranes to camouflage synthetic polymeric nanoparticles has demonstrated significant potential.[@b21-ijn-12-2129]--[@b25-ijn-12-2129] In this study, the membranes of human cytotoxic T lymphocytes (hCTLs) were chosen to produce cancer-targeting nanoparticles, because of the long blood circulation time and the ability to recruit and localize at tumor sites, of this cell type.[@b22-ijn-12-2129] Leukocytes have a variety of proteins on their membranes to detect inflammation and diseased tissues.[@b26-ijn-12-2129],[@b27-ijn-12-2129] hCTLs express higher levels of adhesion molecules than their naive counterparts[@b28-ijn-12-2129] and are more effective in targeting tumor sites.

Radiotherapy has a crucial role in the treatment of locally advanced gastric cancer in a preoperative, postoperative, or palliative setting.[@b29-ijn-12-2129] However, radiotherapy often leads to catastrophic side effects including liver injury, nausea, and diarrhea. Patient intolerance arises since the radiation dose to normal organs is high.[@b30-ijn-12-2129],[@b31-ijn-12-2129] Recently, low-dose radiotherapy has been reported to safely control gastric cancer-related symptoms, demonstrating significant clinical utility.[@b29-ijn-12-2129] Previous studies have demonstrated that local low-dose irradiation (LDI) alone resulted in an increase in intratumoral CD8+ T cells,[@b32-ijn-12-2129] which was shown to be correlated with the upregulated expression of adhesion molecules on tumor vasculature and the increased expression of chemoattractants.[@b33-ijn-12-2129] Furthermore, local LDI could promote the normalization of aberrant vasculature, which facilitated the entry of T lymphocytes into tumors.[@b34-ijn-12-2129]

Therefore, in this study, radiotherapy was used as a tumor localization stimulus for PTX-loaded poly-lactic-*co*-glycolic acid (PLGA) nanoparticles, which were coated with cellular membranes isolated from hCTLs. More hCTL membrane-coated PLGA nanoparticles (TPNPs) are expected to localize in irradiated tumor sites upon exposure to local LDI, which induces the expression of adhesion molecules and chemoattractants.

Materials and methods
=====================

Cell lines and mice
-------------------

The MKN-45 human gastric cancer cell line was obtained from the Shanghai Institute of Cell Biology. MKN-45 cells were cultured in Roswell Park Memorial Institute 1640 medium (Wisent, Nanjing, People's Republic of China) with 10% fetal bovine serum (Gibco, Carlsbad, CA, USA). Cultures were maintained at 37°C with 5% CO~2~ in a humidified incubator. Male Balb/c nude athymic mice at 4--6 weeks old were supplied by the Department of Experimental Animals, Yangzhou University. All animal experiments were carried out in accordance with the Guide for the Care and Use of Laboratory Animals approved by Nanjing Drum Tower Hospital Laboratory Animals Welfare & Ethical Committee, People's Republic of China.

hCTL membrane isolation
-----------------------

The hCTLs were obtained as previously described.[@b35-ijn-12-2129] All donors signed an informed consent for scientific research statement. To harvest the membranes, source cells (10^9^ cells) were washed using phosphate-buffered saline (PBS) twice and lysed in 10 mL of hypotonic lysis buffer containing 10 mM Tris--HCl (pH 7.5), 1 mM KCl, 1 mM MgCl~2~, and one phosphatase inhibitor cocktail tablet (Roche, Mannheim, Germany) per 10 mL of solution. The cells were disrupted using a hand-held Dounce homogenizer (20 passes while on ice). The homogenized cells were centrifuged at 500× *g* for 10 min at 4°C. The supernatant was removed and saved, while the pellet was resuspended in hypotonic lysis buffer and subjected to another 20 passes and centrifuged again. The process was repeated until there were no intact cells in the pellet, as confirmed using a Nikon Eclipse TI-SR microscope (Tokyo, Japan). The supernatants were subjected to discontinuous sucrose density gradient ultracentrifugation (30%, 40%, and 55%) in an Eppendorf 5404 centrifuge (Shanghai, People's Republic of China) at 4°C.[@b22-ijn-12-2129] The isolated membranes were collected, lyophilized overnight, weighed, resuspended in a 0.9% normal saline solution, and stored at 4°C.

Dot-blot analysis
-----------------

The distribution of proteins along the discontinuous sucrose density gradient was analyzed using a dot-blot procedure. Briefly, equal amounts of each fraction were spotted on a polyvinylidene fluoride membrane (Millipore, Billerica, MA, USA). The membrane was blocked using 5% bovine serum albumin in TBS-T, followed by sequential incubation with primary antibodies (1:1,000 dilution) against: CD3z (Bioworld Technology, St Louis Park, MN, USA) and lymphocyte function-associated antigen-1 (LFA-1 or CD11a; Bioworld Technology), and horseradish peroxidase (HRP)-conjugated goat anti-rabbit immunoglobulin (Ig) G antibody (1:10,000 dilution; Sangon Biotech, Shanghai, People's Republic of China). The blots were developed using the SuperSignal West Dura chemiluminescent substrate (Pierce, Rockford, IL, USA).

Preparation of PLGA nanoparticles
---------------------------------

Briefly, 500 μL of dichloromethane containing PLGA (5 mg) and PTX (0.5 mg) was added dropwise to 4 mL of aqueous phase containing 1% poly(vinyl alcohol) (Aladdin, Shanghai, People's Republic of China) and emulsified using probe sonication (VCX 130; Sonics & Materials, Inc., Newtown, CT, USA) for 10 min at an amplitude of 30%. The mixture was subsequently stirred in the open air at room temperature for 4 h. The nanoparticles were washed using ultra-pure water three times and filtered. For confocal microscopy imaging and in vivo particle tracking purposes, 10 μg of green dye (DiO; Beyotime, Shanghai, People's Republic of China) was added to the PLGA dichloromethane solution prior to PLGA nanoparticle synthesis. To determine the encapsulation efficiency, PTX encapsulated in the PLGA was measured using HPLC (Agilent 1200 Series; Agilent, Santa Clara, CA, USA).

Fusion of hCTL membrane-derived vesicles with PLGA nanoparticles and nanoparticle characterization
--------------------------------------------------------------------------------------------------

hCTL membrane-derived vesicles were prepared as previously reported.[@b21-ijn-12-2129] Briefly, the collected hCTL membranes were sonicated for 5 min using a S300H bath sonicator (Elma, Munich, Germany) at a frequency of 37 kHz and a power of 100 W. The resulting vesicles were subsequently coated onto PLGA nanoparticles through co-extrusion using an Avanti mini extruder (Avanti Polar Lipids, Alabaster, AL, USA), as previously reported.[@b21-ijn-12-2129] The size distribution and polydispersity were determined using dynamic light scattering using a Mastersizer 2000 laser particle size analyzer (Malvern Instruments, Malvern, UK). All measurements were performed in triplicate. The surface morphology of the samples was observed using transmission electron microscopy (TEM, JEM-1011; JEOL, Tokyo, Japan). The in vitro release profile of PTX from the TPNPs was assessed using HPLC.

In vitro cellular uptake studies
--------------------------------

The human THP-1 cell line was purchased from American Type Culture Collection and is a well-characterized phagocytic cell line to study particle phagocytosis. THP-1 cells were differentiated using phorbol 12-myristate 13-acetate (PMA) at 100 ng/mL for 48 h. The cells were cultured in 24-well plates and were incubated with nanoparticles (loaded with DiO) at 37°C for 30 min. Subsequently, the cells were washed using PBS, and the level of nanoparticle uptake was analyzed using a flow cytometer (BD, San Jose, CA, USA), with data obtained from 20,000 cells per sample.

In the confocal laser scanning microscopy (CLSM) imaging studies, MKN-45 cells were seeded on a four-chamber glass bottomed dish (Invitrosci, Mountain View, CA, USA). DiO-labeled PLGA nanoparticles were encapsulated in T-cell membranes and incubated with MKN-45 cells for 1 h at 37°C. The cells were then washed using PBS and were fixed using 10% formaldehyde for 10 min. The cell membranes and nuclei were stained using DiI (Beyotime) and DAPI (Beyotime), respectively. The corresponding fluorescence images were taken using a Zeiss LSM710 confocal microscope (Carl Zeiss, Oberkochen, Germany).

In vitro cytotoxicity assay
---------------------------

Three groups of MKN-45 cells were seeded (8×10^3^ cells/well) in 96-well plates (Corning, Corning, NY, USA) and incubated overnight. Free PTX, PTX-encapsulated PLGA nanoparticles, and PTX-containing TPNPs were added to the first group and the third group, while the second group received only empty TPNPs. The third group was partially irradiated using 2 Gy irradiation using an electron generator (12MeV; Elekta, Stockholm, Sweden). After incubation for 24 and 48 h, 3-(4,5-dimethylthiazol-2-Yl)-2,5-diphenyltetrazolium bromide solution was added and incubated for 4 h. The absorbance at 490 nm was measured using a Biotek ELx800 plate reader (BioTek Instruments, Inc., Winooski, VT, USA). The relative cell viabilities were then normalized to the control, set as 100%.

In vivo near-infrared fluorescence imaging and in vivo immunofluorescence
-------------------------------------------------------------------------

DiR (Bridgen, Beijing, People's Republic of China) was incubated with hCTL membrane-derived vesicles for 30 min to monitor the biodistribution of the nanoparticles in vivo. A subcutaneous xenograft model of gastric cancer was established by injecting 10^6^ MKN-45 cells in 100 μL of PBS subcutaneously in male Balb/c nude mice. Treatment started when the tumor volume reached \~300 mm^3^. Three tumor-bearing Balb/c nude mice received LDI (2 Gy), and three did not. They were all injected intravenously with TPNPs the day after LDI. Then, the mice were anesthetized and scanned at different time intervals using a Maestro™ Automated In Vivo Imaging System. For resected organ imaging, the animals were euthanized, and the tumors and organs were excised and imaged.

DiO-loaded TPNPs were injected into the tail vein of tumor-bearing mice. After 24 h, the mice were sacrificed under deep anesthesia. Tumors were harvested and processed for immunostaining. Frozen sections were stained using rabbit anti-human CD31 (Abcam, Cambridge, UK) followed by secondary antibodies with Cy3-conjugated Goat Anti-rabbit IgG (H+L; Abcam). Tumor cells were stained using DAPI. Images were taken using a confocal microscope.

In vivo antitumor efficacy
--------------------------

PTX-loaded TPNPs were prepared. Treatment started when the tumor volume of the Balb/c nude mice reached 150 mm^3^ at day 0. The mice were randomized and divided into five groups (n=5 for each group). The five groups were treated using the following formulations through intravenous administration on days 0 and 7: irradiation (2 Gy) alone 1 day before administration; free PTX at 10 mg PTX/kg; PTX-loaded TPNPs (same quantities as above); PTX-loaded TPNPs (same quantities as above) plus irradiation (2 Gy); and PBS. Tumor volumes were measured every 2 days for 15 days and compared. The tumor volume (TV) was calculated according to the formula: TV =L × W^2^/2, where L and W are the major and minor dimensions, respectively. The mice were anesthetized and irradiated using an electron generator. Irradiation was directed at the tumor region by shielding other areas using a 10-mm lead apron.

Interaction between LDI and TPNPs
---------------------------------

The tumor growth inhibition rate (IR)[@b36-ijn-12-2129] was calculated as IR (%) = (1− T/C) × 100, where T and C are the tumor volume of the treated and control groups, respectively. In addition, the following formula[@b37-ijn-12-2129] was adopted to analyze the interaction between LDI and PTX-loaded TPNPs: Q = E~a+b~/(E~a~ + E~b~ − E~a~ × E~b~), where E~a+b~, E~a~, and E~b~ are the average effects of combination treatment, drug A only, and drug B only, respectively. The interaction between the two drugs could be classified as an antagonistic effect (Q ≤0.85), an additive effect (0.85≤ Q \<1.15), and a synergistic effect (Q ≥1.15).

Histology analysis
------------------

On day 16 after injection, one mouse from each group was randomly selected and sacrificed for histological analysis. Organs including the heart, liver, spleen, lung, and kidney were collected; fixed in 10% neutral-buffered formalin, processed in paraffin; sliced into 10-μm-thick sections; stained using hematoxylin--eosin (H&E); and examined using a microscope.

Immunohistochemistry study
--------------------------

Tumor samples were fixed in 10% neutral-buffered formalin and embedded in paraffin. After deparaffinization, rehydration, antigen retrieval, endogenous peroxidase blockade, and non-specific binding site blockade, immunohistochemical staining was performed. Briefly, the anti-intercellular adhesion molecule-1 (ICAM-1) antibody (Proteintech, Wuhan, People's Republic of China) was diluted 1:200, applied to the samples, and incubated at 4°C overnight. The HRP-conjugated goat anti-rabbit IgG antibody (1:200 dilution; Abcam) was applied and incubated at room temperature for 50 min. Coloration was performed by incubating the slides with 3,3′-diaminobenzidine (Dako, Santa Clara, CA, USA) at room temperature without light. Hematoxylin (Sigma, St Louis, MO, USA) was used to counterstain the slides for 3 min.

Statistical analysis
--------------------

Data were analyzed using the SPSS software 17.0 (SPSS, Inc.). Quantitative variables are presented as mean and standard deviation (SD) unless otherwise noted. A comparative analysis was performed using Student's *t*-test. Statistical significance was set as follows: \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.005, and \*\*\*\**P*\<0.001.

Results
=======

Physical characterization of hCTL membrane-coated PLGA nanoparticles
--------------------------------------------------------------------

The preparation process of the TPNPs involved two major steps: the extraction of hCTL membrane-derived vesicles from hCTLs and the vesicle-particle fusion ([Figure 1](#f1-ijn-12-2129){ref-type="fig"}). First, the membranes were collected using a combination of hypotonic lysing ([Figure 2A and B](#f2-ijn-12-2129){ref-type="fig"}) and mechanical membrane disruption, and were further purified through a discontinuous density sucrose gradient.[@b22-ijn-12-2129] Three lipid layers were localized at the interfaces of the different sucrose layers after ultracentrifugation. Two leukocyte plasmacellular membrane marker proteins (LFA-1 and CD3z) were used to confirm the existence of plasmacellular membranes through immunoblotting and flow cytometry ([Figure 2C and D](#f2-ijn-12-2129){ref-type="fig"}). As a result, the membranes were collected from the interface between 30% and 40%. Second, the isolated membranes were washed and extruded through a 200-nm porous polycarbonate membrane to form hCTL membrane-derived vesicles. To synthesize the TPNPs, PLGA nanoparticles were prepared using a modified nanoprecipitation method. Then, the two components were coextruded through an apparatus with 200-nm pores. The encapsulation efficiency and the drug-loading efficiency of PTX-loaded PLGA were 51.20% and 5.07%, respectively. The average diameter of the final PTX-loaded TPNPs was 165.9±1.0 nm (PDI =0.232±0.008; [Figure 3A](#f3-ijn-12-2129){ref-type="fig"}). Furthermore, TEM imaging revealed a membrane coating around the polymeric core ([Figure 3B](#f3-ijn-12-2129){ref-type="fig"}). The in vitro release behavior of PTX from the TPNPs is shown in [Figure 3C](#f3-ijn-12-2129){ref-type="fig"}. The release exhibited a biphasic pattern characterized by a fast-initial release during the first 48 h, and then a slow and continuous release subsequently.

Reduced particle phagocytosis
-----------------------------

The stealth performance of the hCTL membrane-cloaked PLGA nanoparticles was compared with the uncloaked nanoparticles. As shown in [Figure 4A and B](#f4-ijn-12-2129){ref-type="fig"}, a decreased cellular uptake rate of 23.99% was observed in the presence of hCTL membranes, confirming the satisfactory stealth performance of the hCTL membranes (*P*=0.002). This suggested that camouflaging with hCTL membranes would prolong the circulation time of the TPNPs.

In vitro targeting and cytotoxicity of PTX-loaded TPNPs
-------------------------------------------------------

PLGA cores were loaded with DiO dye, while the membranes were tagged with DiI dye. The CLSM images demonstrated that the membranes were coated around the polymeric cores, and the TPNPs underwent uptake by the MKN-45 cancer cells within 1 h, localizing around the nuclei in the cytoplasm ([Figure 5A](#f5-ijn-12-2129){ref-type="fig"}).

The IC50 (half maximal inhibitory concentration) was 8.663 μg/mL (free PTX, 24 h), 6.787 μg/mL (PTX-loaded PLGA, 24 h), 7.717 μg/mL (PTX-loaded TPNPs, 24 h), 6.130 μg/mL (free PTX, 48 h), 2.620 μg/mL (PTX-loaded PLGA, 48 h), and 2.822 μg/mL (PTX-loaded TPNPs, 48 h). Free PTX and PTX-loaded TPNPs exhibited a dose-dependent cytotoxicity in MKN-45 cells and were not significantly different ([Figure 5B and C](#f5-ijn-12-2129){ref-type="fig"}). Empty TPNPs displayed no cytotoxicity, even at a high concentration that could encapsulate 100 ng/mL PTX ([Figure 5D](#f5-ijn-12-2129){ref-type="fig"}), indicating their good biocompatibility. Combining 2 Gy irradiation with TPNPs could raise apoptosis in the MKN-45 cell line from 50.4% (related to using 2 Gy irradiation alone) to 58.5% ([Figure 5E](#f5-ijn-12-2129){ref-type="fig"}). There was no significant difference in cytotoxicity between PTX, PTX-encapsulated PLGA nanoparticles, and PTX-loaded TPNPs, when combined with LDI.

In vivo tumor targeting, antitumor efficacy, and safety of PTX-loaded TPNPs
---------------------------------------------------------------------------

PLGA cores were loaded with DiO dye and then were camouflaged with hCTL membranes. It was examined whether intravenously injected TPNPs targeted subcutaneous tumors after 24 h. Immunofluorescence demonstrated that the TPNPs had better tumor specificity than the PLGA nanoparticles, and LDI significantly enhanced tumor localization ([Figure 6A](#f6-ijn-12-2129){ref-type="fig"}).

To ascertain whether the TPNPs could efficiently accumulate at tumor sites and whether LDI could enhance their efficiency, their route in a xenograft mouse model was assessed ([Figure 6B−D](#f6-ijn-12-2129){ref-type="fig"}). The TPNPs mainly accumulated in the liver within 96 h. After the induction of LDI, the fluorescence signal was clearly visualized and gradually increased at the tumor sites.

PTX-loaded TPNPs were injected into tumor-bearing nude mice (10 mg PTX/kg) on days 0 and 7 ([Figure 7A](#f7-ijn-12-2129){ref-type="fig"}). Significant inhibition of tumor growth was observed in mice treated with PTX-loaded TPNPs when compared with the untreated mice (*P*\<0.001), and the mice treated with free PTX (*P*\<0.001, [Figure 7B and C](#f7-ijn-12-2129){ref-type="fig"}). The tumor growth inhibition rate of PTX-loaded TPNPs was 56.68%. This antitumor efficacy was improved by the addition of irradiation. A combined treatment of tumor LDI and a subsequent TPNP injection resulted in more efficient inhibition of tumor outgrowth than a TPNP injection alone (*P*=0.002), while irradiation alone had only a minor effect on tumor progression in this experiment (*P*=0.032). The tumor growth inhibition rate of the combined treatment was \~88.50%. Two mice achieved complete remission (CR) in the TPNP plus LDI group. LDI was, therefore, required for the accumulation of the tumor-targeting TPNPs.

In the interaction analysis of antitumor efficacy, the average Q value was 1.4, demonstrating a synergistic effect between LDI and PTX-loaded TPNPs.

Furthermore, no noticeable sign of organ damage was observed in the H&E-stained slices ([Figure 7D](#f7-ijn-12-2129){ref-type="fig"}), which suggests a good in vivo biocompatibility of the hCTL membrane-coated nanoparticles.

Immunohistochemical analysis of mouse tumors after LDI
------------------------------------------------------

The expression level of ICAM-1 was relatively low without LDI and increased significantly at the tumor vessel sites following LDI.

Discussion
==========

Leukocytes and tumor cells share similarities including their transport within blood, adhesion to vessel walls, and migration into inflammatory sites.[@b38-ijn-12-2129] In recent years, it has been shown that leukocytes are effective in carrying drugs and nanoparticles for cancer therapy,[@b39-ijn-12-2129],[@b40-ijn-12-2129] while leukocyte cell membrane-camouflaged nanoparticles preserve the surface properties of parent leukocytes and provide a platform for biomimetic delivery.[@b22-ijn-12-2129],[@b41-ijn-12-2129]--[@b43-ijn-12-2129] ICAM-1 is a ligand for LFA-1, which is found on vascular endothelium, squamous cell carcinoma, fibroblasts, and in other cells.[@b44-ijn-12-2129] The interaction between LFA-1 and ICAM-1 is important in the process of leukocyte adhesion and may contribute to the localization of leukocytes in tumors. T-lymphocytes, serving as a kind of leukocyte, express the LFA-1-binding site for the ICAM-1 ligand.[@b45-ijn-12-2129] Notably, the expression level of the LFA-1 adhesion molecule is two- to fourfold higher on hCTLs than on naive T lymphocytes, which enables hCTLs to bind more effectively to target cells.[@b28-ijn-12-2129] Therefore, this study explored the role of hCTL membranes as a drug delivery vehicle. Numerous studies have also identified that local LDI induces recruitment of tumor-specific T lymphocytes to the tumor site, but focused only on the cell behavior.[@b32-ijn-12-2129],[@b34-ijn-12-2129],[@b46-ijn-12-2129] Therefore, this is the first study to use local irradiation, which is one of the most commonly used treatment modalities for gastric cancer, as a chemoattractant for a hCTL membrane-based drug delivery system.

The in vivo near-infrared (NIR) fluorescence imaging studies of DiR-labeled nanoparticles in mice revealed a gradual increase in tumor accumulation following local LDI ([Figure 6B−D](#f6-ijn-12-2129){ref-type="fig"}). After 1 h, the signal was focused at the liver sites. The signal at the tumor sites was visualized with the guidance of LDI after 24 h and then enhanced with time. However, the signal from the TPNPs accumulated mostly in the liver without LDI. In the in vitro cellular uptake study, PLGA nanoparticles were taken up by the THP-1 human phagocytic cell at a decreased level when they were camouflaged with hCTL membranes ([Figure 4A](#f4-ijn-12-2129){ref-type="fig"}). Therefore, in the mouse model, TPNPs derived from humans were expected to be phagocytosed by mouse macrophages. The DiR dye was incubated with hCTL membrane-derived vesicles, which included some other membrane fragments. From the in vivo images, it was assumed that the membrane fragments might also undergo uptake by the liver. The immunofluorescence results showed that the TPNPs accumulated more specifically than the PLGA nanoparticles at the tumor sites ([Figure 6A](#f6-ijn-12-2129){ref-type="fig"}). Therefore, although the liver signal of the TPNPs in the in vivo NIR fluorescence imaging was too strong for the tumor to be visualized, the targeting ability of TPNPs was still confirmed.

Compared with the saline-treated group, PTX alone produced only a slight antitumor effect at a dosage of 10 mg/kg because of a low concentration at the tumor site. This efficacy was improved significantly by encapsulation with hCTL membranes. When LDI was added, the tumor growth was further suppressed, and two mice in the TPNP plus LDI group achieved complete remission ([Figure 7B](#f7-ijn-12-2129){ref-type="fig"}). This improved effectiveness might enable both effective treatment for advanced gastric cancer patients and lower side effects because of a decreased dose of PTX. The efficacy of the current system exceeded that of previously reported PLGA nanoparticles containing PTX tested on mammary adenocarcinoma and melanoma.[@b47-ijn-12-2129],[@b48-ijn-12-2129] The clinical advantage of the current delivery system is even more definitive when compared with previously reported cell membrane-based nanoparticles or nanocapsules.[@b24-ijn-12-2129],[@b43-ijn-12-2129],[@b49-ijn-12-2129] The use of local LDI as a new chemoattractant and sensitizer for drug delivery is expected to be of significant utility for the clinical treatment of gastric cancer.

ICAM-1 has been reported as routinely expressed at a very low level; however, it is upregulated substantially by cytokine stimulation, enhancing the adhesion of leukocytes to endothelial cells at sites of infection or injury.[@b50-ijn-12-2129] According to the current immunohistochemistry study, LDI could upregulate ICAM-1 expression on tumor vessels ([Figure 8](#f8-ijn-12-2129){ref-type="fig"}), demonstrating that LDI could enhance the tumor targeting ability of TPNPs. The interaction analysis proved the existence of a synergistic effect between LDI and PTX-loaded TPNPs. Further studies focusing on the mechanism of LDI enhancement of the migration of TPNPs to the tumor are needed.

Stimuli-responsive drug delivery systems have attracted considerable attention during recent decades.[@b51-ijn-12-2129] External stimuli, including variations in temperature, magnetic fields,[@b52-ijn-12-2129],[@b53-ijn-12-2129] and NIR light,[@b54-ijn-12-2129],[@b55-ijn-12-2129] have been well employed in drug delivery systems in previous studies. However, compared with the LDI in this study, externally placed magnets have no antitumor efficacy themselves, while NIR light or thermotherapy are not widely applied. In addition, most NIR-resonant nanomaterials, paramagnetic materials, and thermosensitive nanomaterials are difficult to use in clinical practice. The in vitro cytotoxicity experiments and H&E-stained slices of the major organs together confirmed the safe nature of the hCTL membrane-based drug delivery vehicle. Therefore, the LDI-guided drug delivery system demonstrates significant advantages as a drug delivery system.

This study demonstrated the significant tumor targeting ability of a LDI-guided hCTL membrane-based drug delivery system. Challenges and opportunities still lie ahead in the translation of these hCTL membrane-coated nanoparticles into a viable clinical drug delivery vehicle. Whether TPNPs will work well in humans remains unclear. A determination of the short- and long-term toxicity of these nanoparticles needs more systematic work. The LDI was used only to enhance the migration of TPNPs to the tumor site in the in vivo study and, therefore, a group combining both free PTX and exposure to LDI was not investigated. The encapsulation and drug-loading efficiencies of PTX-loaded PLGA were only 51.20% and 5.07% in this study, respectively. Although PLGA is a successfully developed biodegradable polymer and the in vivo biocompatibility of the hCTL membrane-coated nanoparticles was promising, the relatively low encapsulation and drug-loading efficiencies must be improved in further studies. Nevertheless, this biomimetic drug delivery platform has significant potential for personalized medicine whereby the drug delivery nanocarrier is made from the hCTLs of individual patients with little risk of immunogenicity.

In conclusion, a new LDI-guided hCTL membrane-based drug delivery system was engineered. In this platform, hCTL membranes isolated from hCTLs were reconstructed into vesicles and then fused onto PLGA nanoparticles. Combining ex vivo experiments with in vivo experiments, it was found that TPNPs can avoid opsonization and localize at the tumor site with the helpful enhancement in targeting ability produced by LDI. This LDI-guided biomimetic drug delivery platform is expected to be further expanded to cancer immunotherapy, photothermal therapy, and diagnosis in the near future.
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![Schematic of the preparation process of the TPNPs.\
**Abbreviations:** hCTLs, human cytotoxic T lymphocytes; PLGA, poly-lactic-*co*-glycolic acid; TPNPs, T-lymphocyte membrane-coated PLGA nanoparticles.](ijn-12-2129Fig1){#f1-ijn-12-2129}

![Extraction and conformation of hCTL membranes.\
**Notes:** Electron microscopy images of (**A**) hCTLs before processing into (**B**) hosts. (**C**) Immunoblotting for hCTL plasmacellular membrane marker proteins (LFA-1 and CD3z). Fractions 1 and 2 represent the lipid rings localized at the 40%--30% and the 55%--40% sucrose interface of the sucrose gradient, respectively; fraction 3 represents the pellet of the sucrose gradient; and fraction 4 represents the final pellet of the homogenization and centrifugation steps. (**D**) hCTL membranes were labeled using a fluorescent antibody against CD3 and analyzed using FACS using no threshold on the forward scatter to detect the nanoparticles. Fraction 1 represents hCTL membranes; fraction 2 represents hCTL membranes before the sucrose gradient purification; and fraction 3 represents red blood cell membranes as a negative control.\
**Abbreviations:** hCTL, human cytotoxic T lymphocyte; LFA-1, lymphocyte function-associated antigen-1.](ijn-12-2129Fig2){#f2-ijn-12-2129}

![Physical characterization of the TPNPs.\
**Notes:** (**A**) Size of the PTX-loaded PLGA nanoparticles and TPNPs. (**B**) TEM images (n.3) of (I) a PLGA core, (II) a hCTL membrane vesicle, (III) a TPNP, and (IV) multiple TPNPs. All scale bars =100 nm. (**C**) Cumulative in vitro release of PTX from TPNPs (n=3).\
**Abbreviations:** TPNPs, T-lymphocyte membrane-coated PLGA nanoparticles; PTX, paclitaxel; PLGA, poly-lactic-*co*-glycolic acid; PLGA--PTX, PTX-loaded PLGA nanoparticles; T-PLGA--PTX, PTX-loaded PLGA nanoparticles with hCTL membrane encapsulation; TEM, transmission electron microscopy.](ijn-12-2129Fig3){#f3-ijn-12-2129}

![Reduction of particle phagocytosis via hCTL membrane coating.\
**Notes:** (**A**) Internalization of uncoated and hCTL membrane-coated PLGA nanoparticles in phagocytic cells. DiO-loaded PLGA nanoparticles were incubated with PMA-differentiated THP-1 cells. Cells with internalized nanoparticles were quantified using flow cytometry (N=3; \*\**P*\<0.01). (**B**) Representative flow cytometry histograms of phagocytic THP-1 cells with internalized PLGA nanoparticles.\
**Abbreviations:** hCTL, human cytotoxic T lymphocyte; PLGA, poly-lactic-*co*-glycolic acid; FITC, fluorescein isothiocyanate.](ijn-12-2129Fig4){#f4-ijn-12-2129}

![In vitro targeting and cytotoxicity of TPNPs.\
**Notes:** (**A**) Binding of hCTL membrane-coated PLGA nanoparticles to MKN-45 cells (PLGA, green \[DiO\]; hCTL membranes, red \[DiI\]; nucleolus, blue \[DAPI\]) evaluated using confocal microscopy over a short (1 h) incubation time. (**B**) MKN-45 viability post incubation for 24 h and (**C**) 48 h with free PTX, PTX-loaded PLGA nanoparticles, PTX-loaded TPNPs, and (**D**) empty TPNPs. (**E**) MKN-45 viability with 2 Gy irradiation and a combination of 2 Gy irradiation with free PTX, PTX-loaded PLGA nanoparticles, and PTX-loaded TPNPs at 5 ng/mL for 24 h. Measurements were normalized to the viability of the untreated cells (100%).\
**Abbreviations:** TPNPs, T-lymphocyte membrane-coated PLGA nanoparticles; PTX, paclitaxel; hCTL, human cytotoxic T lymphocyte; PLGA, poly-lactic-*co*-glycolic acid; PLGA--PTX, PTX-loaded PLGA nanoparticles; T-PLGA--PTX, PTX-loaded PLGA nanoparticles with hCTL membrane encapsulation; FITC, fluorescein isothiocyanate.](ijn-12-2129Fig5){#f5-ijn-12-2129}

![In vivo targeting and biodistribution of TPNPs.\
**Notes:** (**A**) Fluorescence micrographs of resected tumors. Green, DiO; red, CD31; blue, DAPI. Scale bars =1,000 μm. (**B**) In vivo images of real-time tumor targeting characteristics of the TPNPs, with or without LDI. (**C**) Ex vivo images of tumors and organs of the sacrificed mice at 96 h after the injection. (**D**) Biodistribution of the nanoparticles at 96 h after injection (n=3). NS, no significant difference; \**P*\<0.05.\
**Abbreviations:** LDI, low-dose irradiation; PLGA, poly-lactic-*co*-glycolic acid; TPNPs, T-lymphocyte membrane-coated PLGA nanoparticles.](ijn-12-2129Fig6){#f6-ijn-12-2129}

![Antitumor efficacy of PTX-loaded TPNPs.\
**Notes:** (**A**) Schematic of the experimental procedure for combined LDI and targeted chemotherapy. (**B**) and (**C**) Mice were treated with NS, free PTX, PTX-loaded TPNPs, LDI, or PTX-loaded TPNPs + LDI (n=5). (**D**) H&E-stained sections of major organs collected from different treatment groups of mice on day 16. Scale bar =100 μm. \**P*\<0.05, \*\*\**P*\<0.005, \*\*\*\**P*\<0.001.\
**Abbreviations:** CR, complete remission; LDI, low-dose irradiation; NS, normal saline; PLGA, poly-lactic-*co*-glycolic acid; PTX, paclitaxel; T-PLGA--PTX, PTX-loaded PLGA nanoparticles with human cytotoxic T-lymphocyte membrane encapsulation; TPNPs, T-lymphocyte membrane-coated PLGA nanoparticles; H&E, hematoxylin--eosin.](ijn-12-2129Fig7){#f7-ijn-12-2129}

![Immunohistochemical staining of intercellular adhesion molecule-1 in mouse tumors after (**A**, **B**) and before (**C**, **D**) low-dose irradiation. Scale bar =100 μm.](ijn-12-2129Fig8){#f8-ijn-12-2129}
